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ABSTRACT

Magnetostratigraphic chronologies, together with sedimentological, petrological, seismic and
borehole data derived from the Oligo/Miocene Lower Freshwater Molasse Group of the
North Alpine foreland basin enable a detailed reconstruction of alluvial architecture in relation
to Alpine orogenic events. Six depositional systems are recorded in the Lower Freshwater
Molasse Group. The bajada depositional system comprises 200—400-m-thick successions of
ribbon channel conglomerates and overbank fines including mud- and debris-flows which were
derived from the Alpine border chain. The alluvial megafan depositional system is made up of
massive pebble-to-cobble conglomerates up to 3 km thick which reveal a fan-shaped geometry.
This depositional environment grades downcurrent into the conglomerate channel belt
depositional system, which comprises an = 2-km-thick alternation of channel conglomerates
and overbank fines. The sandstone channel belt depositional system is bordered by the 100—
400-m-thick overbank fines assigned to the floodplain depositional system. At the feather edge
of the basin, 50—400-m-thick lacustrine sediments in both clastic and carbonate facies
represent the lacustrine depositional system.

The spatial and temporal arrangement of these depositional systems was controlled by the
geometrical evolution of the Molasse Basin. During periods of enhanced sediment supply and
during phases of stable sliding of the entire wedge, > 2000-m-thick coarsening-and
thickening-upward megasequences comprising the conglomerate channel belt, alluvial megafan
and bajada depositional systems were deposited in a narrow wedge-shaped basin. In the distal
reaches of the basin, however, no sedimentary trend developed, and the basin fill comprises a
< 500-m-thick series of sandstone meander belt, floodplain and lacustrine depositional
systems. During phases of accretion at the toe of the wedge, the basin widened, and prograding
systems of multistorey channel sandstones extended from the thrust front to the distal reaches
of the basin.

The rearrangement of the depositional systems as a function of changing orogenic
conditions created discordances, which are expressed seismically by onlap and erosion of beds
delimiting sedimentary sequences. Whereas stable sliding of the wedge succeeded by accretion
at the toe of the wedge is recorded in the proximal Lower Freshwater Molasse by a coarsening-
and thickening-upward megasequence followed by erosion, the opposite trend developed in
the distal reaches of the Molasse. Here, fine-grained sandstones and mudstones were deposited
during periods of stable sliding, whereas phases of accretion caused a coarsening- and
thickening-up megasequence to form.
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INTRODUCTION

Foreland basins form as a mechanical response to crustal
thickening in the adjacent orogenic wedge (Beaumont,
1981; Jordan, 1981). Because of the sensitivity of foreland
basins to tectonic events in the neighbouring fold and
thrust belt, the stratigraphies of these basins have been
used to assess the loading history of the hinterland
(Burbank ez al., 1986; Anadén ez al., 1986; Jordan er al.,
1988; Burbank er al., 1992). Tectonic processes that
control the stratigraphy and geometry of foreland basins
include stable sliding of the entire wedge, accretion at
the toe of the wedge as well as crustal thickening/
thinning in the rear of the wedge (Sinclair ez al., 1991).
Erosional denudation is a further parameter that signifi-
cantly affects the evolution of foreland basins. According
to Flemings & Jordan (1989, 1990), erosion and transport
of sediment into the foreland basin decreases the orogenic
load and increases the sediment load of the basin. As a
result, the foreland basin widens, and facies boundaries
prograde. Hence, it is the complex interaction between
the sediment supply and the rate at which accommodation
space is generated by tectonic loads that controls the
geometry and the large-scale architecture of foreland
basins (Sinclair & Allen, 1992).

A successful reconstruction of the relationships
between the evolution of orogens and their foreland
basins requires (i) profound knowledge of the structural
evolution of the hinterland determined independently
from cooling ages and sediment-accumulation rate pat-
terns, (i) cooling ages to assess the sediment flux and
(ii1) a high-resolution reconstruction of the architecture
of the adjacent foreland basin. The Oligo-Miocene Alps/
Molasse Basin system meet most of these requirements.
Because of the extensive structural, chronological and
stratigraphical data available for this system (Diem, 1986;
Pfiffner, 1986; Keller, 1989; Hunziker et al, 1992;
Schlunegger, 1995; Schmid et al., 1996), it has been a
classical area to document the influence of orogenic
thickening and erosional denudation in the Alps on the
large-scale stratigraphic evolution of the Molasse Basin
(Homewood et al., 1986; Pfiffner, 1986; Sinclair et al.,
1991; Sinclair & Allen, 1992; Burbank ez al., 1992;
Schlunegger et al., 1993). These studies mainly concen-
trated on the proximal part of the Molasse Basin because
of large variations in lithofacies and accumulation rates.
However, until recently when seismic data became public
and detailed temporal control using magnetostratigraphy
was established (Schlunegger ¢z al., 1996a), such attempts
to link basin fill history with Alpine thrust wedge evol-
ution remained rather speculative. Using high-resolution
magnetostratigraphy, sedimentary petrography and facies
analysis Schlunegger ez al. (1996b) described the temporal
relationships between the evolution of the proximal Swiss
Molasse Basin and Alpine tectonic events.

In this paper, we reconstruct the sedimentary
sequences and the depositional systems of the Lower
Freshwater Molasse in a section across the central Swiss
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Molasse Basin from the thrust front to its feather-edge.
The reconstruction is based on a combination of detailed
facies analysis on outcrops, wells and seismic sections.
Both the evolution of the depositional systems in relation
to crustal thickening and erosional denudation in the
orogen and the changes of the drainage systems through
space and time are discussed in the detailed temporal
framework provided by magnetostratigraphy.

GEOLOGICAL SETTING

The present-day Alps are the result of the Oligo/Miocene
continent—continent collision between the Adriatic prom-
ontory of Africa and the European plate, which resulted
in a total of 120 km of post-Eocene shortening (Schmid
et al., 1996). In the north, the Alpine edifice consists of
the Helvetic zone, which is subdivided into a lower
Infrahelvetic complex (Aar massif and its autochthonous—
parautochthonous cover) and an upper Helvetic (sensu
stricto) complex (Helvetic thrust nappes), separated by
the Glarus thrust (Fig. 1A, B). The Helvetic zone, in
turn, is overlain by a piggyback stack of Penninic and
Austroalpine sedimentary and crystalline nappes. The
southern Alps comprise a thin-skinned and a thick-
skinned stack of Adriatic crust (Schénborn, 1992). They
are separated from the northern Alps by the E-W-
striking Insubric Line, which partly accommodated the
indentation of the Adriatic promontory by steep
S-directed synmagmatic reverse faulting and right lateral
strike-slip movements (Pfiffner, 1992; Schmid ez al,
1996).

The sedimentological development of the North Alpine
foreland basin can be described in terms of an early
deep-water stage and a later shallow-water/continental
stage which has been referred to as ‘Flysch’ and ‘Molasse’
in the classic Alpine literature (see discussions in Sinclair
et al., 1991; Sinclair & Allen, 1992). The ‘Molasse’ has
been traditionally divided into four lithostratigraphic
units, for which the conventional German abbreviations
are used in this paper (Matter et al., 1980; Keller, 1989;
Fig. 2): Lower Marine Molasse (UMM), Lower
Freshwater Molasse (USM), Upper Marine Molasse
(OMM) and Upper Freshwater Molasse (OSM). They
form two shallowing-upward megasequences . The first
megasequence comprises the Rupelian UMM, which is
followed by the Chattian and Aquitanian fluvial clastics
of the USM. The second megasequence, starting with
the Burdigalian transgression, consists of shallow-marine
sandstones (OMM), which interfinger with major fan
deltas adjacent to the thrust front (Berli, 1985; Keller,
1989; Hurni, 1991; Schlunegger et al, 1993). It ends
with Serravalian fluvial clastics of the OSM.

The studied section runs from the thrusted Subalpine
Molasse of central Switzerland across the mainly flat-
lying Plateau Molasse (Fig. 2). The Lower Freshwater
Molasse Group has a total preserved thickness of ¢. 4 km
at the Alpine front and thins to 70 m near the feather-
edge of the basin (Baumberger, 1927; Homewood e¢¢ al.,
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Fig. 1. (A) Geological map of the Oligo-Miocene Swiss Molasse Ba

®

sin and the adjacent Alpine orogen. The major tectonic units

are labelled. (B) Synthetic cross-section through the present-day Alpine hinterland. (Modified after Schmid ez al., 1996.)

1986). In the proximal part it consists mainly of alluvial
megafan conglomerates which pass downcurrent into
channel conglomerates and channel sandstones bordered
by alluvial plain mudstones and lacustrine carbonates
(Biichi & Schlanke, 1977; Platt & Keller, 1992).

The proximal USM exposed in the Subalpine thrust
belt consists of two coarsening- and thickening-upward
sequences going from mudstones to conglomerates. They
were deposited between 30-25.5 and 24-21.5 Ma,
respectively (Schlunegger et al., 1996b). Cross-cutting
relationships between calibrated metamorphic fabrics in
the Helvetic zone (Milnes & Pfiffner, 1977, 1980) and
the presence of reworked Oligocene conglomerates in the
second sequence (Schlunegger er al., 1996b) indicate that
the construction of the two sequences coincides with
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thrusting along the Glarus thrust (30-25 Ma, Fig. 1)
and uplift of the Subalpine Molasse (24-21.5 Ma,
Schlunegger ez al, 1996b). Furthermore, petrographic
data reveal that the USM was deposited by three major
dispersal systems (Rigi, Hohronen, Napf) originating in
the Penninic and Austroalpine nappes (Fig. 1) (Kleiber,
1937; Speck, 1937, Fiichtbauer, 1959, 1964; Matter, 1964;
Gasser, 1966, 1968; Miiller, 1971; Stiirm, 1973; Schlanke,
1974; Matter et al., 1988a, b).

In contrast to the proximal USM, the distal strata are
poorly exposed because of a dense vegetational cover as
well as overlying Burdigalian to Quaternary deposits.
Nevertheless, quarry exposures and boreholes allowed
Platt & Keller (1992) a detailed facies analysis of the
upper (Aquitanian) part of the USM. These authors
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Fig. 2. Geological map of the Oligo-Miocene Swiss Molasse Basin and the adjacent Alpine orogen with a general stratigraphy of
the foreland basin and the location of the study area, the seismic lines, the boreholes and the exposed sections (modified after
Schlunegger et al., 1996a). NHF: North Helvetic Flyschy UMM: Lower Marine Molasse, USM: Lower Freshwater Molasse,

OSM: Upper Freshwater Molasse.

revealed that the variety of lithofacies in the distal USM
can be summarized into five distinct sedimentological
units referred to as intermediate-scale architectural
elements (Platt & Keller, 1992): meander belt sandstones,
crevasse channel and crevasse splay sandstones, levee
sandstones and siltstones, overbank mudstones and
palaeosols as well as lacustrine siltstones. Until now, no
detailed sedimentological facies analysis nor a basin-wide
facies reconstruction of the entire USM has been
attempted.

METHODS

In order to unravel the evolution of the depositional
systems in the Lower Freshwater Molasse Group, a
number of techniques were employed, including sedi-
mentological and petrographic facies analysis, magneto-
stratigraphy of outcrop sections and boreholes, and
seismostratigraphy. Eight sections with a total thickness
of ~7000 m were logged in detail for lithofacies and
sedimentary structures (for detailed sedimentological logs
refer to Schlunegger, 1995). These field studies provided
the framework for architectural facies analysis in terms
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of Miall (1985, 1988) and Platt & Keller (1992). In
addition, the three-dimensional arrangement of the archi-
tectural elements was studied on large exposures. The
architecture of the wells Schafisheim, Hiinenberg-1,
Boswil-1 and Altishofen-1 (Fig. 2) is reconstructed based
on the sedimentological interpretation of mudlog data,
available cores and gamma ray and sonic logs, using the
methodology described in detail by Blaser ez al. (1994).
The petrofacies data taken from Matter (1964), Gasser
(1966), Stiirm (1973), Schlanke (1974) and Schlunegger
et al. (1996b) comprise conglomerate clast counts and
determination of heavy mineral composition of sand-
stones. In addition, 33 heavy mineral analyses were
carried out on cuttings from the Boswil-1 and Schafisheim
wells using the method described by Schlunegger et al.
(1993). A seismic line across the Plateau Molasse (line
8307) was analysed using seismostratigraphic techniques
(Mitchum, 1977; Mitchum & Vail, 1977; Beer et al.,
1990; Cross et al., 1993; Vakarcs et al., 1994). First,
discordances were identified using regional onlap and
truncation of reflections in order to delimit sedimentary
sequences. Second, seismic facies were defined based on
length of reflections, amplitudes and frequencies. They
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were mapped in the seismic section and interpreted in
terms of depositional systems. Calibration of the seismic
facies was achieved using the reconstructed sedimentolog-
ical data of the neighbouring boreholes. Time—depth
conversion was calculated based on the velocities deter-
mined in these boreholes. The magnetostratigraphic cali-
bration of the sections in the Subalpine Molasse (Fig. 2)
is taken from Schlunegger et al. (1996a, b). The chrono-
logical framework of the Plateau Molasse was completed
using high-resolution magnetostratigraphy established on
two boreholes (Weiach, Altishofen, Fig. 2) and on an
outcrop section located at the feather-edge of the basin
(Brochene Fluh section, Fig. 2; Schlunegger er al., 1996a).
The time-calibrated horizons of the Altishofen section
were then correlated with the analysed cross-section
using an E-W seismic line (line 8406, Fig. 2).

For the magnetostratigraphic analysis of the Weiach
and Altishofen sections, brown to yellow laminated or
massive mudstones were preferentially sampled. In
addition, laminated siltstones and fine-grained sandstones
were collected if no other suitable lithologies were avail-
able. Samples were taken every 5 m, depending on
availability of fine-grained material. Four to five speci-
mens were collected for each site. Detailed demagnetiz-
ation analysis of specimens from different portions of the
basin and different depositional systems revealed that
characteristic remnant magnetizations are found in the
250-350 °C temperature window (Burbank er al., 1992,
Schlunegger et al., 1996a). Subsequently, all specimens
were demagnetized through temperatures of 250, 300
and 350 °C to reveal their characteristic remanence.
Measured declinations of the samples were strongly offset
because of horizontal rotation of the core during drilling.
However, the same orientation of specimens from the
same site allowed comparison of measured inclination
and rotated declination vectors using Fisher (1953) stat-
istics. Sites were classified as class I if K>10 for three
specimens. They were classified as class II if K< 10 for
three specimens and K> 10 for two specimens.

RESULTS
Depositional systems

The concept of sedimentary architecture applied to fluvial
deposits has proven very helpful for reconstructing the
physical processes of ancient rivers and the resulting
stratigraphy (Bromley, 1991; Lang & Fielding, 1991;
Miall, 1991; Nadon, 1994). It has been used to break
down the depositional sequence into a hierarchy of
architectural elements, representing different orders of
magnitude of time (Keller, 1993). The architectural
elements defined by Platt & Keller (1992) in the USM
comprise groups 6—7 (single to composite macroforms)
of Miall (1991) which are interpreted to record processes
between 10% and 10* years. Fluvial processes of these
time spans are controlled by intrinsic mechanisms,

© 1997 Blackwell Science Ltd, Basin Research, 9, 1-26

whereas occurrence of architectural elements of longer
duration, such as alluvial megafans or channel belts, are
responses to extrinsic factors (e.g. Burbank & Beck, 1991;
Miall, 1991). These depositional systems, which represent
architectural elements of a gigascopic scale (Keller, 1993),
will be presented in the following section.

Alluvial Megafan depositional system

This depositional system consists of predominantly
pebble to cobble conglomerates with maximum clasts
measuring between 20 and 50 cm in diameter
(Schlunegger et al., 1993). Its thickness may exceed 3 km
in the coarsest grained part, and its lateral extent varies
from 3 to 15 km (Figs 3 and 4). Typically it shows a
fan-shaped geometry in map-view (Fig. 3). This system
is composed of individual, lens-shaped 1-2-m-thick and
several-metre-wide clast-supported, well-rounded and
moderately sorted massive conglomerate beds. They form
composite units up to 10 m thick and tens to hundreds
of metres wide separated by decimetre-thick red silty
layers. Occasionally matrix-supported conglomerates, as
well as horizontally bedded well-sorted conglomerates
with imbricated clasts, also occur.

Interpretation

The coarseness of the conglomerates as well the fan
geometry (Fig. 3) suggests the presence of alluvial
megafans (Sinha & Friend, 1994). The composite units
with internal erosional surfaces separating the lens-shaped
conglomerate beds are interpreted as lobes, consisting of
individual gravel bars (Rust, 1978; Miall, 1978, 1985).
Switching of drainage axes causes de-activation of the
lobe and fine-grained material can be deposited during
waning floods. Note that in this paper, the term ‘megafan’
as used by Gohain & Parkash (1990), Parkash & Kumar
(1991) and Singh ez al. (1993) is favoured to avoid
confusion with the smaller, higher gradient, features
generally called ‘fans’ by sedimentary geologists (Blair &
McPherson, 1994a, b).

Bajada depositional system

Yellowish mottled mudstones with isolated conglomerate
and sandstone bodies form 200—400-m-thick successions
(Fig. 4). The mudstones, measuring up to 50 m thick,
are either massive with scattered pebbles, or decimetre-
bedded and graded. The moderately sorted cobble to
boulder conglomerates are less than 3 m thick, deeply
incised and pinch out laterally within a few metres.
Vertical stacking of 2-5 beds leads to 12-15-m-thick
conglomerate bodies of limited lateral extent. The clast-
supported conglomerates may be either unstratified or
cross-bedded. Moreover, thin (20-50 cm) and only
2-3-m-wide pebble-conglomerate lenses with weakly ero-
sional bases and inverse grading occur scattered in the
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marly background sediment. The conglomerates reveal a
strikingly high percentage (>90%; Schlunegger ez al.,
1993) of sandstone clasts derived from the frontal Alpine
flysch units (Gasser, 1967). Associated medium- to
coarse-grained sandstones generally measure a few centi-
metres in thickness and can be traced laterally over a few
metres only. Mapping reveals that this unit encroaches
large conglomerate fans (Fig. 3).

Interpretation

The geometry of the conglomerates suggests deposition
in narrow ribbon-like channels which occupied stable
positions over prolonged periods as indicated by the
multistorey arrangements (see also Allen er al., 1983).
The lack of pebble lags, moderate sorting, rare stratifi-
cation, the absence of a fine-grained matrix, the presence
of outsized clasts and deep longitudinal furrows suggest
deposition by turbulent hyperconcentrated flows on alluv-
ial fans (Pierson, 1980). Beyond the intersection point
between the mountain front and the fan, sheet floods
developed and deposited thin, inversely graded conglom-
erate sheets in very shallow braided channel courses. The
fine-grained background sediment documents a wide
range of depositional processes from mudflows depositing
mudstones with scattered pebbles to sheetfloods which
deposited laminated mudstones and rippled sandstones
and siltstones. This depositional system is assigned to
the bajada because (i) it encroaches laterally on large fans
(Fig. 3), (ii) the strikingly high percentage of clasts
derived from the frontal Alpine units indicates a local
sediment source and (iii) the occurrence of highly turbu-
lent flows as well as mudflows suggests ephemeral,
proximal discharges (see also Johnson et al., 1986; Singh
et al., 1993).

Conglomerate Channel Belt depositional
system

Conglomerates are the most abundant lithofacies of this
unit. It measures up to 2 km in thickness and forms lens-
shaped geometries in cross-sectional view with a lateral
extent measuring up to 15 km (Figs 3 and 4). The
conglomerates consist of single 1.5-5-m-thick units,
which can be traced laterally for at least 250 m.
Amalgamation of single conglomerate beds is common
and results in 10—15-m-thick and more than 1-km-wide
sheets. The conglomerates are clast supported and mass-
ive with occasional trough cross-beds. They have a strong
concave shaped erosive base with deep scours (up to
1.5 m), some of which are marked by gutter casts. Low-
angle ‘epsilon’ cross-beds, which dip at right angles to
the gutter casts, are also present. The conglomerates are
generally overlain by 2—12-m-thick fining-upward sand-
stones topped by siltstones and mudstones (Fig. 4). These
fine-grained sediments display plane-lamination, ripple
cross-lamination, mottling, root traces and bioturbation.

© 1997 Blackwell Science Ltd, Basin Research, 9, 1-26

Interpretation

The geometry and texture of the individual conglomerate
beds suggest deposition in fluvial channels. Epsilon cross-
bedding indicates lateral migration of side-bars during
waning floods, whereas massive bedding is the result of
longitudinal bar construction between braided branches
(Miall, 1978; Rust, 1978). This depositional system rep-
resents an environment with coarse-grained sinuous to
braided channels bordered by floodplains.

Sandstone Channel Belt depositional system

A variety of lithofacies are observed in this <2-km-thick
depositional environment (Fig. 5). Most abundant are
medium- to coarse-grained sandstones, which occur as
simple or amalgamated 5—10-m-thick units with a lateral
extent ranging from 150 to 1500 m. They show an erosive
base with rip-up clasts or a pebble lag. Towards the top,
they gradually fine-up into overlying lithofacies. The
sandstones are generally massive, but occasionally
medium-scale trough-cross-beds and epsilon cross-beds
are observed. Other units include fine- to medium-
grained lenticular as well as tabular massive sandstones,
climbing rippled siltstones and mottled mudstones.

Interpretation

These lithofacies correspond to the intermediate-scale
architectural elements defined in the Aquitanian Plateau
Molasse by Platt & Keller (1992). They were interpreted
by these authors as meander channel sandstones, crevasse
channel and crevasse splay sandstones, levee sandstones
and siltstones and overbank fines and palaeosols.

Floodplain depositional system

Alternating mudstones and siltstones occur in units
ranging in thickness from 100 to 400 m (Fig. 6). The
generally massive mudstones are strongly mottled with
abundant slickensides, bioturbation and rootcasts. Caliche
nodules, colour stratification and occasionally vertical
blocky fabrics also occur. The 10-20-cm bedded silt-
stones display climbing ripple cross-lamination, slump-
ing, bioturbation and mottling. Rare < 3-m-thick massive
sandstone channels are also present (Fig. 6).

Interpretation

The extensive development of mottling, slickensides and
colour stratification is characteristic of palaeosols and
indicate repeated wetting and drying. The geometries
and sedimentary structures of the sandstones and silts-
tones are indicative of levee, crevasse channel and crevasse
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splay deposits described by Platt & Keller (1992). Their
association with abundant mudstones with pedogenic
overprint is characteristic of the floodplain depositional
system.

Lacustrine depositional system

This architectural element measures between 50 and
400 m in thickness and occurs both in a clastic and in a
carbonate facies. Most widespread are 2—3-m-thick coars-
ening-upward sequences of laminated silty mudstones,
laminated and rippled fine-grained sandstones capped by
bioturbated and mottled silty fine-grained sandstones.
Some 2-3-m-thick interbedded fine-to medium-grained
sandstones and 20-cm-thick rippled siltstones also occur.
Less abundant are up to 70-m-thick alternations of
0.5-6-m-thick micritic limestones and 0.5-2-m-thick
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Fig. 5. Details of the sandstone channel
belt depositional system showing the
intermediate-scale architectural
elements of Platt & Keller (1992). Cs:
channel sandstone, CCs: crevasse
channel sandstone, CSs: crevasse splay
sandstone, Ls: levee siltstone, and Fm:
floodplain mudstone. For location see
Fig. 2.

calcareous organic-rich mudstones (Fig. 7). The carbon-
ates contain ostracods, charophytes and gastropods and
display caliche nodules, circumgranular cracks, glaebules
and microkarst.

Interpretation

Both the small-scale mudstone—sandstone and the carbon-
ate-dominated facies are interpreted as shallowing-
upward lacustrine to palustrine cycles (Platt & Keller,
1992; Blaser et al., 1994). The interbedded sandstones
and siltstones are characteristic of crevasse channels,
crevasse splays and levees deposited in shallow lakes as
described by Platt & Keller (1992).

Seismostratigraphy
The concept of seismostratigraphy applied to sedimentary

environments has proven helpful for reconstructing the
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Fig. 7. Sedimentology of the lacustrine depositional system.
For location see Fig. 2 (Brochene Fluh section).
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geometry and the evolution of sedimentary sequences
and depositional systems (Cross er al, 1993; Prosser,
1993; Jin, 1995). It characterizes the seismic reflections
in terms of lengths, amplitudes, frequencies and conti-
nuity which determine the seismic facies. These in turn
are an expression of the large-scale lithological architec-
ture of the subsurface referred to as depositional systems.
The origin of architectural elements of this magnitude
is, as outlined above, mainly controlled by extrinsic
factors such as tectonics, climate and sea-level changes.
Any large-scale change of these parameters will cause a
rearrangement of the depositional systems, which is
expressed in seismic sections by changes in bedding
geometries or discordant relations which delimit sedimen-
tary sequences.

Two seismic lines, running across the Plateau Molasse
in a N-S (line 8307) and an E-W (line 8406) direction
(Figs 2 and 8), have been analysed. The N-S line crosses
the whole central Swiss Plateau and links the wells
Hiinenberg-1, Boswil-1 and Schafisheim, located in the
southern, middle and northern part of the Plateau
Molasse, respectively. Line 8406 is calibrated by the deep
borehole Altishofen-1 and intersects with line 8307 at
right angles near Boswil-1 (Fig. 2).

The base of the Tertiary Molasse fill is readily ident-
ified by a high-amplitude, low-frequency wave-group
with a high continuity representing the surface of the
gently southward dipping Mesozoic basement (Figs 8
and 9). In addition, the base Tertiary unconformity can
be recognized on the N-S line by the discordance
between the underlying Mesozoic reflectors and the
overlying northward onlapping reflections.

The Molasse is highly reflective, although numerous
reflections are discontinuous, indicating limited lateral
extent of the beds. The boundaries between USM/OMM
and OMM/OSM are detected by strong reflections,
truncation in the underlying group and onlap of the
succeeding unit (Figs 9 and 10).

Sedimentary sequences

Within the USM four depositional sequences (A-D) are
identified (Figs 9—11). Sequence A, which is best devel-
oped in the N-S section (Fig. 9), comprises the oldest
deposits of the southern part of the Plateau USM and
extends as far as 5 km north of Boswil-1. It has a
maximum thickness of 500 m in the Hiinenberg-1 section,
from where it thins to 350 m in the Boswil-1 sec-
tion 10 km further north (Fig. 12). The basal reflections
of sequence A onlap northward on the Mesozoic. The
top of sequence A is defined by truncation of reflections
and onlap of younger deposits (Figs 10A and 11). In the
E-W section (Fig. 8B), sequence A thins from Boswil-1
to Altishofen-1, reaching a thickness of <200 m (Fig. 12).

Sequence B comprises the thickest unit of the Lower
Freshwater Molasse in the studied area, measuring 750 m

© 1997 Blackwell Science Ltd, Basin Research, 9, 1-26

at Hiinenberg-1 and ¢. 250-350 m at Boswil-1 and
Altishofen-1 (Fig. 12). In the N-S section, it thins
northward, reaching a minimum thickness of ¢. 200 m
south of Boswil-1, and then thickens again reaching
400 m further north. The thickness variations are mainly
due to an erosional relief with a relatively elevated area
atkm 5-12 (Fig. 9). Onlap on both flanks succeeded by
overlap reflection indicate gradual blanketing of sequence
A (e.g. Fig. 10A). The top of sequence B is defined by
an extended high-amplitude low-frequency reflector, on
which reflections of the overlying sequence C onlap
northward (Fig. 9).

Sequence C comprises a relatively thin succession,
measuring between 250 m in the Hiinenberg-1 section
and ¢. 200 m in the Boswil-1 and Altishofen-1 wells
(Fig. 12). Upper and lower boundaries are best developed
in the N-S line by onlap reflection terminations at its
base and by reflection truncations at km 6-10 at its top
(Fig. 10C). The relationships of reflections reveal that
0.5 s of the seismic section are missing south of km 10,
which corresponds to an undecompacted sedimentary
thickness of =200 m. In the E-W line, the upper
boundary of sequence C is poorly constrained because
no truncation and onlap terminations of reflections occur.
Some eastward onlap terminations of reflections, how-
ever, are detected at the base of sequence C 5 km west
of Altishofen-1 (Fig. 8B). Sequence D comprises the
youngest deposits of the Lower Freshwater Molasse
Group. Upper and lower boundaries are well constrained
in the N-S line by onlap reflection terminations at its
base and by reflection truncations at its top between km
4 and 7 (Fig. 10C, D). These truncations define the basal
Burdigalian unconformity (Fig. 10D). In the E-W seismic
section, no truncation of reflections occurs between USM
and OMM, and a depositional hiatus separates both
groups (Fig. 8).

Adding 100 m of strata eroded prior to the Burdigalian
transgression at Hiinenberg-1 (Schlunegger ez a/ ., 1996a),
the depositional thickness of sequence D was ~400 m
at Hunenberg-1 and ¢. 300 m at Boswil-1, suggesting a
small taper of the USM of that time.

Seismic facies

Four seismic facies are identified in the N-S running
seismic section 8307 (Fig. 13). Seismic facies 1 is charac-
terized by laterally continuous (> 1 km), parallel-bedded
reflections with high-amplitude and low-frequency
reflections. This seismic facies is present from 1800 to
2750 m in the well Hiinenberg-1 (Fig. 12). It consists of
alternating < 15-m-thick, coarse-grained sandstones and
mudstones corresponding to the sandstone channel belt
depositional system. The high continuity of the reflec-
tions is indicative of widespread sheet sandstones with a
width of up to 4 km (Fig. 9) suggesting deposition in
channels which migrated across their floodplains. The
large lateral extent of the sandstones together with their

9
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Fig. 9. Proximal part of the N-S seismic section (line 8307). See Fig. 10 for further details.

thickness, coarse grain size and high sandstone/mudstone
ratio suggest a sand-dominated sedimentary environment
characterized by multistorey bedload channels.

Seismic facies 2 is characterized by predominance of
200—400-m-wide, high-amplitude, and low-frequency
reflections (Fig. 13). This facies was encountered from
2750 to 3250 m in the Hinenberg-1 well (Fig. 12). It is
made up of an alternation of medium- to coarse-grained
sandstones and mudstones and is interpreted to represent
the sandstone channel belt depositional system. However,
in contrast to seismic facies 1, the length of reflections
does not exceed 600 m. Furthermore, the high percentage
of mudstones and siltstones found in the mudlogs and
seen on the gamma ray and sonic logs suggests occurrence
of thick overbank sequences as well as some mudstone
layers in channel sandstone beds. This facies association
together with the geometry of the channel sandstones
suggests deposition either by laterally stable flows (Friend
et al, 1979) or by meandering rivers with moderate to
high avulsion rates (Heller & Paola, 1996). The second
interpretation appears more reasonable because meander

belt sandstones bordered by thick overbank fines are
exposed in the distal Aquitanian USM (Platt & Keller,
1992).

Seismic facies 3 is characterized by a chaotic reflection
pattern (Fig. 13). This facies is calibrated in Boswil-1
between 800 and 1450 m, where 25—100-m-thick siltstone
and mudstone alternations with interbedded <0.5-m-
thick sandstones were encountered, representing the
overbank deposits (Fig. 12). Additionally, some <5-m-
thick sandstones also occur. They are interpreted to
represent crevasse splay and crevasse channel sandstones.
This facies association is assigned to the floodplain
depositional system. The chaotic pattern is indicative of
the limited lateral continuity of the intermediate-scale
architectural elements.

Seismic facies 4 shows a generally transparent pattern
of reflections, interbedded with parallel-bedded and also
chaotic reflections with low amplitudes and high frequen-
cies (Fig. 13). Because no well data are available to
calibrate this facies, a sedimentological interpretation is
rather speculative. Nevertheless, the seismic pattern is

Fig. 8. (A) Unmigrated N-S seismic section across the Plateau Molasse (line 8307), indicating location of the boreholes and
showing surfaces which delimit the Molasse groups. For details see Figs 9 and 10. (B) Unmigrated E-W seismic section across
the Plateau Molasse (line 8406). Note that the borehole Altishofen-1 is located on the seismic line. For detail see Fig. 11.

© 1997 Blackwell Science Ltd, Basin Research, 9, 1-26 11
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an expression of a generally thin-bedded monotonous mentological evaluation of a core drilled 25 km north-
facies, possibly representing the lacustrine depositional east of Boswil-1 revealed the presence of abundant
system or a distal floodplain. Furthermore, the sedi- shallowing-upward lacustrine cycles in a distal floodplain
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Fig. 11. Details from line 8406, showing truncation and onlap
of reflectors which delimit sequences A and B. See Fig. 8 for
location.

environment (Blaser ez al., 1994). Therefore, we tenta-
tively assign seismic facies 4 to the lacustrine depos-
itional system.

Facies relationships

Mapping of the seismic facies on the N-S seismic line
allows reconstruction of the evolution of the depositional
systems (Fig. 14). Multistorey bedload channels preferen-
tially occur in the more proximal part of the basin,
whereas meander channel belts, floodplain and lacustrine
environments occupied the more distal northern part of
the basin. Two phases of progradation are recorded in
the Lower Freshwater Molasse Group (Fig. 14). The
first starts with a sandstone meander belt system in
sequence A and evolves into a northward expanding
system of multistorey channel belts during sequence B,
reaching the area of Boswil-1. The occurrence of seismic
facies 3 at the base of sequence B 1 km north of
Hunenberg-1, however, indicates the presence of a
floodplain bordered by multistorey bedload channels.
This facies relationships suggests that the area north of
Hiinenberg-1 experienced less subsidence than the adjac-
ent areas during the initial phase of sequence B. The
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Mudstones

~~~—— Truncation surface

Fig. 12. Lithological logs of the Hiinenberg-1, Boswil-1, Altishofen-1 and Schafisheim sections, indicating strong variations in
thicknesses of the sedimentary sequences. The lithologies are reconstructed based on cores, mudlog information and geophysical
data using the methodology described in detail by Blaser ez al. (1994). The sections were divided into sedimentary sequences

based on the seismic data shown on Figs 9—11.
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Fig. 13. Details from line 8307 showing the characteristics of
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second progradational phase comprises sequences C and
D, during which the system of multistorey channel belts
expanded northward from km 7 to 12. The lacustrine
depositional system located at the distal basin edge of
the basin, however, did not shift further north despite
the northward progradation of the sandstone channel

belts.

Chronostratigraphy

The success of magnetostratigraphy in the Swiss Molasse
lies in its applicability to every depositional system,
provided that mudstones and siltstones are present, and
in its high temporal resolution (Burbank et al, 1992;
Schlunegger et al., 1996a, b). The chronological frame-

14

work of the Lower Freshwater Molasse of the studied
cross-section is reconstructed using the magnetostrati-
graphic calibration of the Brochene Fluh section located
at the feather edge of the basin 20 km west of the studied
transect (Fig. 2, Schlunegger et al., 1996a). The ages of
the uppermost 800 m at Hiinenberg-1 were assessed
projecting the magnetostratigraphic chronologies of the
Fischenbach section (Fig. 2) into the studied trans-
ect. This correlation is justified because time-equivalent
strata are of equal thickness in the Fischenbach area
(Schlunegger, 1995). In addition, new chronologies are
established on cores of the wells Weiach and Altishofen-1.

The relatively high sample density of the Weiach and
Altishofen sections allows definition of a sufficiently well-
constrained reversal pattern (Fig. 15). Except for R2 of
the Weiach section, all magnetozones of both sections are
defined based on at least one class I and one class II site.
The magnetic polarity stratigraphy (MPS) of the Weiach
section is characterized by nine magnetozones. The corre-
lation to the magnetic polarity time scale (MPTS) of
Candy & Kent (1992, 1995; Fig. 16) is guided by (i)
mammalian index fossils of MNT at the top of the Weiach
section (Matter et al., 1988a, b), (ii) calibration of MNI1
with chrons 6Br to 6AAr.2 by Schlunegger e al.(1996a)
and (iii) a distinct pattern of reversals characterized by a
thick interval of normal polarity at the top of the section
underlain by relatively short intervals of normal and
reversed polarities (Fig. 15). This suggests a correlation
with chrons 6Cr to 6AAr.3 or 6AAr.2 of the MPTS
(Fig. 16). This correlation implies that the very short
reversed polarity in chron 6Bn and possibly the normal
polarity in chron 6AAr. 2 were missed due to a low
sample density. The correlation of the Altishofen MPS
with the MPTS, however, is more difficult because of a
hiatus separating sequences A and B. Nonetheless,
sequence A may be correlated with chrons 9n to 8n
because mammal sites indicate MP26 for the base of the
USM immediately south of the Jura Mountains (Fig. 2
of Engesser, 1990) and because MP26 was calibrated
with chrons 9n to 7r (Schlunegger ez al., 1996a) (Fig. 16).
The upper part of the Altishofen MPS comprises
sequence B. A one-to-one correlation of this part of the
Altishofen MPS with chrons 7r to 6Bn of the MPTS
(Fig. 16) is constrained by the absence of seismic uncon-
formities (Fig. 8b), suggesting continuous accumulation
of sediment, and by a remarkable petrographic change
with a sudden increase of epidote (Maurer ez al., 1982)
at the base of the normal polarity interval N3 (Fig. 15).
This event was dated at ¢. 25.5 Ma (Schlunegger e¢ al.,
1996a) and found to be contemporaneous in the Subalpine
thrust belt and the Plateau Molasse 50 km further west
(Schlunegger ¢r al., 1993). It appears, however, that the
very short reversed polarity in chron 7n.1 was missed
because of a low sample density. The Brochene Fluh
section, representing the lowermost USM at the feather-
edge of the basin, spans chrons 6Cr to 6Cn.2r according
to Schlunegger et al. (1996a), i.e. 24.5-23.8 Ma (Fig. 16).

© 1997 Blackwell Science Ltd, Basin Research, 9, 1-26
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At the southern margin of the Plateau Molasse, however,
the deposition of the Lower Freshwater Molasse began
at ¢. 28 Ma (base of sequence A, see also calibration of
the Altishofen section) and lasted up to 20.5 Ma according
to Schlunegger e al. (1996a).

The magnetic calibrations of these sections allow
reconstruction of the facies relationships and the two
progradational cycles in a detailed temporal framework

© 1997 Blackwell Science Ltd, Basin Research, 9, 1-26

(Fig. 17). Sequence A comprises the time interval
between 28 and 26 Ma, whereas the hiatus separating
sequences A and B spans ¢. 1-2 Myr. Sequence C lasted
from 23 to 22.3 Ma in the southern part of the Plateau
Molasse and from 23 to ¢. 22 Ma further north.
Sedimentation of D began as early as 21.5 Ma in the
Hiinenberg-1 area and =~0.5 Myr later in the northern
part of the basin. Here, however, the absence of significant

15
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erosion during the Burdigalian transgression results in
an upper age limit for sequence D of ¢. 20 Ma, as
opposed to 20.5 Ma in the southern part.

Dispersal systems

The various lithofacies of the studied transect are the
product of a broad spectrum of depositional processes
ranging from channellized flows to unconfined flows in
overbank areas. Four major dispersal systems (Honegg,
Hohronen, Napf, Lac L.éman) are identified based on the
distribution of characteristic heavy mineral associations
(Figs 18 and 19). The deposits of the first alluvial system,
referred to as the Honegg system, comprise the
28-26-Ma-old succession of sequence A. The sandstones
are characterized by occurrence of the key heavy minerals
apatite and zircon as well as by a high carbonate content
(Schlunegger et al., 1993; Schlunegger, 1995). The depo-
centre of the Honegg system was located 50 km south-
west of the study area, from where the Honegg river
drained north-eastward into the study area (Schlunegger,
1995). However, occurrence of traces of spinel detected
at the base at Hiinenberg-1 suggests some admixtures of
the Rigi dispersal system (Schlunegger et al., 1996b), the

© 1997 Blackwell Science Ltd, Basin Research, 9, 1-26

depocentre of which was located at the Alpine front
immediately south of the analysed transect (Stiirm, 1973).
The second major alluvial system, called the Hohronen
system, was active between 24.5 and ¢. 22.3 Ma and is
characterized by the key heavy minerals apatite and
zircon as well as abundant crystalline clasts in the conglo-
merate population (Kleiber, 1937; Fuchtbauer, 1959;
Gasser, 1966; Miiller, 1971; Schlanke, 1974). Its depocen-
tre was located west of the fan apex of the Rigi river,
from where it drained eastward into the analysed cross-
section (Schlunegger et al,, 1996b). In the studied tran-
sect, the deposits of the Hohronen river system constitute
sequences B and C south of Boswil-1 (Fig. 18 and 19).
The increasing abundance of epidote from sequence C
to D, however, suggests progressive establishment of the
third system, referred to as the Napf system (Fiichtbauer,
1959, 1964; Matter, 1964; Gasser, 1966). Mapping and
sedimentological studies reveal that the depocentre of the
Napf river was located 30 km south-west of the studied
transect and that it covered an area of >600 km’
(Schlunegger, unpublished data). From there it drained
north-eastward as revealed by heavy mineral data
(Fuichtbauer, 1959, 1964).

Traces of blue amphibole and hornblende characterize
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Fig. 19. Wheeler diagram, revealing the temporal and spatial distribution of the dispersal systems.

the Lac Léman system (Maurer et al, 1982). The
depocentre of this system was located at the western end
of the Molasse Basin =150 km south-west of the study
area. From there it discharged eastward to the study area
(Schlanke ez al., 1978; Maurer et al., 1982 ). The presence
of these heavy minerals in the USM of the wells Boswil-1
and Schafisheim (Fig. 18) suggests that this axial system
occupied the Molasse Basin from its northern margin to
the Boswil area (Fig. 19).

DISCUSSION

As pointed out above, the Molasse Basin fill is divided
into the mainly flat-lying Plateau Molasse and that found
in a thrust belt which crops out in the Subalpine zone.
Because of the different outcrop conditions the recon-
struction of the basin-fill history of the USM was
achieved by outcrop studies in the proximal Subalpine
Molasse (Schlunegger et al, 1996b) and subsurface
investigations in the Plateau Molasse using seismic and
borehole data. Correlation of the two domains is achieved
by high-resolution magnetostratigraphy and by palinspas-
tic restoration of the Subalpine sections (Schlunegger
et al., 1996b). In the following section the evolution of
the USM basin is depicted by four time slices. They
reveal that the basin architecture is a function of the
basin geometry and the subsidence pattern, which in
turn evolved in response to orogenic events in the Alpine
hinterland (Fig. 1).

© 1997 Blackwell Science Ltd, Basin Research, 9, 1-26

As discussed by Schlunegger et al. (1996b), synmag-
matic backthrusting along the Insubric Line (Fig. 1)
(Schmid er al., 1989, 1996) and enhanced erosional
denudation in the southern central orogen (Hurford,
1986; Giger & Hurford, 1989) as well as forward thrusting
at the tip of the orogenic wedge (Calanda phase of
deformation, Milnes & Pfiffner, 1977, 1980) coincides
with the first stage of the evolution of the USM between
30 and 25.5 Ma. During that time, the Molasse Basin
formed a ¢. 50-km-wide wedge-shaped basin with a high
flexural angle at the Alpine thrust front, reaching maxi-
mum values of 6—7° (Schlunegger et al., 1996b) (Fig. 20a).
Magnetostratigraphies established at Rigi (Schlunegger
et al., 1996b) and seismic data reveal a progressive
northward progradation of the basin fill and a continuous
decrease of the angle of unconformity between the
Molasse strata and the Mesozoic basement (Figs 17 and
20A), indicating an increase in the sediment supply/
accommodation space ratio. At the Alpine front, the
basin fill consists of a >3600-m-thick, coarsening- and
thickening-upward sequence comprising a floodplain,
conglomerate channel belt, alluvial megafan and bajada
depositional system from the base to the top. Further
north beyond the site Entlebuch-1, however, no
coarsening- and thickening-upward sequence developed,
and a <500-m-thick sequence of alternating sand-, silt-
and mudstones was deposited by meandering rivers in
the ¢. 23-km-wide distal northern part of the basin.
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(A) as well as the location of the dispersal systems (B).

Here, the flexural dip of the basement was ¢. 2°
(Schlunegger er al., 1996b), suggesting relatively low
lateral gradients of basin subsidence. This first phase of
basin formation is succeeded by a basin-wide unconform-
ity, during which at least 300 m of lower Chattian strata
was removed by erosion (Figs 8, 9 and 10A). During the
first phase of USM basin formation, the narrow trough
adjacent to the Alpine front was filled by the transverse
Rigi dispersal system as shown by the occurrence of the
key heavy minerals spinel, zircon and apatite as well as
the predominance of carbonate clasts in the conglomerate
population (Figs 18 and 20B; Stiirm, 1973). In the distal
reaches of the basin, however, predominance of the axial
systems derived from further west indicates that the Rigi
system did not expand across the area of increased flexure
(Fig. 20B).

The formation of the wedge-shaped basin geometry
with enhanced flexure at the tip of the Alpine wedge is
interpreted as the result of forward thrusting along the
Glarus thrust (Fig. 1) in the early Oligocene (stable
sliding of the entire wedge). This interpretation is sup-
ported by (i) cross-cutting relationships between cali-
brated metamorphic fabrics, suggesting slip along the
Glarus thrust in the early Oligocene (Milnes & Pfiffner,

20

1977, 1980), (ii) an increasing admixture and size of clasts
derived from the frontal Flysch nappes in the proximal
Molasse, indicating uplift and enhanced erosion of the
Alpine front (Schlunegger ez al., 1996b) and (iii) numeri-
cal models of orogen/foreland basin systems that reveal
an increase in the basin subsidence at the thrust front as
a result of thrust front propagation (Flemings & Jordan,
1989, 1990; Sinclair ez al., 1991). The increase in the
sediment supply/accommodation space ratio associated
with the coarsening- and thickening-upward trend at
Rigi appears to be the result of enhanced erosional
denudation rates in the source area of the Rigi river.
Indeed, cooling ages from the upper Penninic and
Austroalpine nappes of eastern Switzerland suggest high
erosional denudation rates of >1 mm yr' in the
Oligocene (Hurford, 1989; Giger, 1991).

Thrusting of the Helvetic thrust nappes above the
Infrahelvetic complex along the Glarus thrust (Fig. 1)
(Calanda phase of deformation) resulted in low-grade
metamorphism in the latter units between 20 and 25 Ma
(Frey et al., 1980; Erdelbrock, 1994; Rahn et al., 1994,
1995). Because thermal accommodation to new crustal
loads lasts several million years (Werner, 1980; Schmid
et al., 1987), the Calanda phase of deformation was

© 1997 Blackwell Science Ltd, Basin Research, 9, 1-26
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completed at the Oligocene/Miocene boundary.
Therefore, cessation of slip movement along the Glarus
thrust coincides with the erosional unconformity at the
end of the first stage of USM basin formation, suggesting
that uplift and erosion in the foreland was caused by an
isostatic rebound of the crust.

Initial propagation of the Alpine thrust front into the
foreland (activation of the Rigi thrust) coincides with the
second stage of basin evolution between ¢. 24 and 23 Ma
(Schlunegger et al., 1996b). During that time, the proxi-
mal part of the Molasse was uplifted and eroded, and in
the more distal reaches, the Molasse Basin formed a
> 35-km-wide, smoothly southward-dipping (~2°),
wedge-shaped basin (Fig. 21A). At Hiinenberg-1, a
750-m-thick multistorey sandstone channel belt system
deposited by the Hohronen river is present, whereas in
the more distal northern part of the basin a 350-m-thick
succession of meander belt sandstones and mudstones
was deposited by the Lac Léman dispersal system
(Fig. 21B). In contrast to the previous stage of basin
evolution, the deposits of the Hohronen river expanded
to the more distal reaches of the basin, suggesting an

© 1997 Blackwell Science Ltd, Basin Research, 9, 1-26

increase in the sediment supply/accommodation space
ratio during that time. Initial incorporation of the proxi-
mal USM into the orogenic wedge represents an event
of accretion at the toe of the wedge, as opposed to stable
sliding of the entire wedge. Accretion simply redefined
the leading edge of the wedge as being further onto the
flexed plate. Therefore, no significant new loads would
have been added above the flexed plate by this accretion.
Thus, the shape of the flexural depression would not
change, but the proximal edge of the depositional foreland
would be shifted northward above more gently flexed
crust (Fig. 21A).

The cross-section representing the stage III of USM
basin evolution between 23 and 21.5 Ma shows incorpor-
ation of previously deposited 30-25.5-Ma-old alluvial
megafan conglomerates into the tip of the orogenic wedge
(Fig. 22A) (Schlunegger et al.,. 1996b). During that time,
the Aar massif reached shallow crustal levels from initially
12 km at 25 Ma to ¢. 8 km at 20 Ma according to cooling
ages and radiometric calibration of metamorphic minerals
(Frey et al., 1980; Hurford, 1986; Frey, 1988; Soom,
1990; Michalski & Soom, 1990; Pfiffner, 1996). This
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Fig. 22. Sketch figure showing the tectonostratigraphic configuration of the USM at 21.5 Ma (A) as well as the location of the
dispersal systems (B). Note that the early Chattian conglomerates are uplifted and incorporated into the toe of the wedge.

phase of Alpine evolution coincides with the formation
of a ¢. 15-km-wide trough south of the Fischenbach site
(proximal sub-basin) and of a gently dipping (x1°)
> 30-km-wide sub-basin in the distal reaches (Fig. 22A).
The fill of the southern sub-basin consists of a coarsening-
and thickening-upward sequence representing the con-
glomerate channel belt and bajada depositional systems,
whereas in the northern part of the basin, the sandstone
channel belt, floodplain and lacustrine depositional sys-
tems are present. Despite the change in basin geometry
compared with the previous stage of Molasse evolution,
the southern sub-basin remained occupied by the
Hohronen river (Fig. 22B). In the northern distal reaches,
the appearance of abundant epidote together with traces
of blue amphibole and hornblende reveal the presence of
the Napf dispersal system which mixed with the still-
active Lac L.éman system. However, only partial mixing
between the systems of both sub-basins indicate that the
Hohronen river did not expand across the area of the
increased flexural angle.

At ¢. 21.5 Ma thrusting along the Rigi thrust was
completed (Schlunegger ez al., 1996b). Cessation of slip
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movement along the Rigi thrust coincides with the
erosional unconformity between the third and final stage
of USM evolution, suggesting that uplift and erosion in
the foreland was caused by an isostatic rebound of
the crust.

Further exhumation of the Aar massif and forward
thrusting and incorporation of previously deposited
Molasse strata into the toe of the wedge coincides with
the final stage of USM evolution at 21.5-20 Ma (Pfiffner
et al., 1996; Schlunegger et al, 1996b). Because this
phase of accretion redefined the leading edge of the
wedge as being further north, the depositional foreland
was shifted northward above more gently flexed crust.
Furthermore, because this phase of accretion decreased
the taper of the wedge, the topographic slope of the
feeding river systems decreased, and predominantly chan-
nel belt sandstones were deposited in the southern part
of the basin, while lacustrine mudstones prevailed in the
distal foreland (Fig. 23A).

The Hohronen system was de-activated by this time
(Fig. 23B). The predominance of epidote in the southern
reaches of the basin, however, indicates deposition by

© 1997 Blackwell Science Ltd, Basin Research, 9, 1-26
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the Napf river, whereas the Lac Léman system still
occupied the northern distal portion of the basin as
indicated by occurrence of blue amphibole and

hornblende.

CONCLUSIONS

The combination of seismostratigraphy, sedimentary
facies analysis, sedimentary petrography and magneto-
stratigraphy allows for the first time a detailed reconstruc-
tion of the evolution of the depositional history of the
Lower Freshwater Molasse Group as a function of
orogenic events. Petrofacies changes and coarsening-and
thickening-upward sequences are related to the orogenic
evolution of the Alpine hinterland.

Stable sliding of the entire wedge caused an increase
in the crustal load at the tip of the orogenic wedge. As
a result, two sub-basins were formed with different
geometries. The proximal sub-basin attained a width of
¢. 20 km and a high flexural angle reaching maximum
values between 6 and 7°. In contrast, a 30-km-wide

© 1997 Blackwell Science Ltd, Basin Research, 9, 1-26

of the USM at 20 Ma (A) and the location of the dispersal
triangle zone starts to form by initiation of a blind thrust

smoothly dipping (<2°) sub-basin was formed in the
more distal reaches of the foreland. Phases of accretion
at the toe of the wedge redefined the leading edge of the
wedge further onto the flexed plate. As a result, the
depositional foreland was shifted northward above more
gently flexed crust.

Stable sliding of the entire wedge succeeded by
accretion at the toe of the wedge created progradational
cycles which are represented in the proximal Molasse by
a coarsening- and thickening-upward sequence followed
by synsedimentary erosion. In the distal part of the basin
the same trend is observed. However, it is strongly time
transgressive: during development of the megasequence
in the proximal sub-basin finer grained sediments with
no recognizable trend were laid down in the distal sub-
basin. However, subsequent uplift and erosion of the
proximal basin fill (phase of accretion at the toe of the
wedge) caused progradation of the depositional systems
resulting in a coarsening- and thickening-upward megase-
quence in the distal basin (see also Fig. 17).

The reconstruction of the flexural response of the
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basin to thrusting events, including basin wavelengths
and subsidence rates, can serve to constrain elastic
properties of the underlying crust as well as the thickness
of the orogenic wedge. These data can be used to assess
the relationships between crustal thickening and denu-
dation of the orogen, which in turn allows estimation of
the sediment flux into the basin (Schlunegger ez al.,
unpublished observation). As revealed by Sinclair ez al.
(1991), sediment flux, crustal rigidity and thrust loads
and tectonic activity at the thrust front (stable sliding vs.
accretion) are fundamental parameters which control the
evolution of the North Alpine foreland basin.
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